ABSTRACT: An experiment was conducted to examine the interplay of diet physical form (liquid vs. dry), fatty acid chain length [medium-(MCT) vs. long-chain triglyceride (LCT)], and emulsifi cation as determinants of fat utilization and growth of newly weaned pigs. Ninety-six pigs were weaned at 20.0 ± 0.3 d of age (6.80 ± 0.04 kg) and fed ad libitum 1 of 8 diets for 14 d according to a 2 3 factorial arrangement of treatments with 6 pens per diet and 2 pigs per pen. The MCT contained primarily C8:0 and C10:0 fatty acids, whereas the LCT mainly contained C16:0, C18:0, C18:1, and C18:2. Diet physical form greatly impacted piglet growth (P < 0.001), with liquid-fed pigs (486 g/d) growing faster than dry-fed pigs (332 g/d) by 46%. Pigs fed LCT grew 22% faster (P = 0.01) than MCT-fed pigs; however, effects of emulsifi er were not detected (P > 0.1). Furthermore, feed intake and G:F were 15% and 29% greater for liquid-fed pigs, and intake also was 21% greater for pigs fed LCT (P = 0.01). Diet physical form had no effect on apparent ileal fatty acid digestibility, but as expected, digestibility was greater (P < 0.001) for the MCT than the LCT diet (98.5% vs. 93.4%). Emulsifi cation improved digestibility of most fatty acids in pigs fed LCT but not MCT (interaction, P < 0.01). Both jejunal and ileal villi height increased from 7 to 14 d postweaning (P < 0.01). Liquid-fed pigs had greater jejunal crypt depth (P < 0.05) compared with pigs fed the dry diet; however, ileal morphology was not affected by diet physical form, fat chain length, or emulsifi cation. Plasma ketone body concentrations were 6-fold greater in pigs fed MCT than LCT, and the difference was greater in pigs fed dry diets (interaction, P = 0.01). The bile salt concentration in jejunal digesta was 2.2-fold greater in pigs fed LCT than in pigs fed MCT (P < 0.001). Collectively, we conclude that feeding liquid diets containing emulsifi ed LCT can improve fat utilization and markedly accentuate feed intake, growth, and G:F of weanling pigs.
INTRODUCTION
Improvement of early postweaning growth remains an important production objective in modern swine enterprises, and research aimed at mitigating weaning stressors is warranted. Nutritional stressors include the abrupt switch from the high-fat, liquid diet consumed preweaning (milk) to the low-fat, dry diets typically fed after weaning. Suckling pigs digest milk fat with high effi ciency, achieving digestibilities as high as 95%, whereas fat digestibility achieved by newly weaned pigs may be as low as 73% (Frobish et al., 1967 (Frobish et al., , 1969 . If weaning diets contain supplemental fat at all, they typically are formulated with long-chain triglyceride (LCT) sources, which are less digestible than medium-chain triglycerides (MCT; Cera et al., 1989 Cera et al., , 1990b . As shown in neonatal pigs (Chiang et al., 1990; Odle et al., 1994 Odle et al., , 1995 Heo et al., 2002; Dicklin et al., 2006) , MCT are absorbed and oxidized at a very high rate and, accordingly, are more ketogenic than LCT; therefore, one would expect that feeding a nurs-ery diet high in MCT might result in better fat use and growth performance of newly weaned pigs.
Another factor that may impact postweaning fat utilization is dietary emulsifi cation (Jones et al., 1992) because hepatic bile acid synthesis may be low at weaning age (Lewis et al., 2000) ; however, research fi ndings have been inconsistent and inconclusive (Xing et al., 2004) . In contrast, research is convincingly clear that liquid feeding can greatly enhance feed intake and growth of pigs (Pluske et al., 1996; Zijlstra et al., 1996; Kim et al., 2001) , exceeding growth performance of both sow-reared pigs and pigs fed dry diets. Therefore, our experiment investigated the interplay of diet physical form (liquid vs. dry), fatty acid chain length (MCT vs. LCT), and emulsifi cation as determinants of fat use and growth of newly weaned pigs. We hypothesized that MCT would be better digested than LCT, especially in dry diets, and emulsifi cation would improve digestibility of LCT more than MCT. Because of the seminal role of enterocytes in synthesizing chylomicrons during LCT (but not MCT) absorption (Odle, 1997) , we also measured impacts of treatments on intestinal morphology, expecting improved morphology (and fat absorption) in liquid-fed pigs.
MATERIALS AND METHODS
All animal care and handling procedures were approved by the Institutional Animal Care and Use Committee of North Carolina State University.
Animals, Diets, and Experimental Protocol
Ninety-six crossbred pigs were weaned at 20.0 ± 0.30 d of age and 6.80 ± 0.04 kg BW and blocked according to BW and ancestry without regard to gender (barrows vs. gilts). Piglets were assigned to 1 of 8 dietary treatments (2 × 3 factorial arrangement of treatments) to determine the effects of diet physical form (dry vs. liquid), fatty acid chain length (LCT vs. MCT), and emulsifi cation on fat utilization and growth of nursery pigs. All pigs were housed within a single raised-deck hot nursery room (30°C) with 2 pigs per pen (0.91 by 1.52 m). Treatments were randomly assigned within a block of 8 adjacent pens. Piglets received 14 h of light and 10 h of dark each day. The experiment was conducted in 2 replicates of 48 pigs each.
Diets were similar to those reported previously (Kim et al., 2001 ) and were formulated (Table 1) to meet or exceed pig nutrient requirements (NRC, 1998) . The experimental fat source comprised 12% of the diets and was provided by either choice white grease (LCT; Milk Specialties, Inc., Dundee, IL) or pure MCT oil (Aldo-MCT, Lonza, Inc., Fairlawn, NJ). Fats were encapsulated by combining the LCT or MCT with casein, whey or whey protein concentrate, and either with or without emulsifi er. We selected a nonionic food-grade emulsifi er (Tween 80, polyoxyethylene sorbitan monooleate; Sigma, St. Louis, MO) that is well suited for oil-in-water emulsions because of its hydrophilic-lipophilic balance and our previous work with suckling pigs (Wieland et al., 1993) . These ingredients were blended together in liquid form, pasteurized (65°C for 30 min), and homogenized (<1μm) before spray drying (APV PSD55 Pilot Dryer; University of Wisconsin, Madison, WI) in a process that allowed the milk-protein-encapsulating material to lose water and reach its glass transition temperature and thereby form a dry free-fl owing powder (Keogh and O'Kennedy, 1999) . Starting conditions for inlet temperature of the drier were 185°C, and the outlet temperature was 78°C; however, dryer conditions were adjusted to optimize physical uniformity across treatments. The size of the dried fat powder particles was in the range of 35 to 75 μm. The analyzed fatty acid content of the MCT was predominantly octanoic and decanoic acids, whereas the LCT fat contained a mixture of long-chain fatty acids (Table 2 ). For treatments containing emulsifi er (Tween 80; Sigma), it was added at 2% of the diet, displacing the fat source. We estimated this level of emulsifi er to be suffi cient to completely encapsulate the supplemental fat with a course emulsion particle size of 5000 Å. Pigs were given ad libitum access to feed and water. The experimental diets were fed either in a dry form or were mixed with water to form the liquid diet. Liquid diets were reconstituted to 13% DM and fed via liquid feeders (Kane Manufacturing Company Inc., Des Moines, IA). A 36-carbon alkane (C36, tetracosane; Spectrum, Gardena, CA) was added to the diets at 200 mg/kg, and Co-EDTA (Sigma) was added at 0.1% to serve as digestibility markers. The Co-EDTA was prepared by the procedure described by Uden et al. (1980) . The C36 was blended with the fat sources before spray drying, and the Co-EDTA was incorporated as the dry ingredients were mixed.
Growth Performance and Sample Collection
The growth trial spanned 2 wk, and BW were recorded at d 0, 2, 4, 6, 7, 10, 13, and 14. Fresh liquid diet was provided to the liquid-fed pigs each morning, and dry feed was added to the feeders as needed for the dry-fed pigs. Feed amounts and feed weigh-back amounts were recorded at each feeding. Liquid feeders were cleaned each morning, and dry feeders were cleaned on piglet weigh days. One pig per pen in the fully fed state (approximately 1000 to 1300 h) was euthanized on d 7, and the second pig was euthanized on d 14 of the trial. Pig were euthanized within a block and structured to prevent bias. Heparinized blood (5 mL) was collected by jugular venipuncture from pigs immediately before euthanasia, and plasma was prepared by centrifugation at 3,000 × g for 10 min at 4°C and stored at −80°C. Ileal and jejunal digesta were collected and stored at −20°C, and 2-cm sections of each segment of intestine were rinsed with PBS and fi xed in neutral-buffered formalin. After 24 h, the formalin was replaced directly with 70% ethanol for storage of the sections.
Chemical Analyses
Ileal digesta were freeze-dried (Heto Power Dry LL300, Thermo Fisher Scientifi c, Waltham, MA) and pulverized to a fi ne powder. Samples were subsequently assayed for total lipid content and fatty acid profi les. Total lipid was determined using the method of Folch et al. (1957) , and fatty acid methylation was performed as previously described (Gatlin et al., 2002) , using C17:0 as an internal standard. The gas chromatography column (Zebron ZB-5HT; Phenomenex, Torrance, CA) measured 30 m in length with a 0.25 mm i.d., 0.1-μm fi lm thickness, and maximum temperature rating of 430°C. Analysis was performed by using a chromatograph (HP-5890 Gas Chromatograph; Hewlett-Packard, Palo Alto, CA) with a fl ame ionization detector. Conditions were modifi ed as follows to accommodate simultaneous quantifi cation of the C36-alkane digestibility marker. The oven temperature was programmed to progress from 50°C for 1 min to 210°C at 15°C per minute. After 3 min, the temperature was increased further to 360°C at 15°C per minute. All samples and standards were chromatographed using a 50:1 split ratio. The injection temperature was 260°C, and the fl ame ionization detector temperature was set to 400°C.
Apparent ileal fat digestibility coeffi cients were calculated from samples obtained on d 7 and 14 postweaning using C36 alkane as an indigestible marker. Digestibilities were calculated on the basis of the marker-ratio method (Choct and van Barneveld, 1995; Jagger et al., 1992) .
Plasma was deproteinized and assayed for 3-OH-butyrate (ketone body) as previously described (Tetrick et al., 1995) using a spectrophotometer (Beckman Model DU-64; Beckman Instruments, Palo Alto, CA). Total bile salt concentrations in jejunal digesta were determined using a modifi cation of the procedure described by Turley and Dietschy (1978) . Digesta samples (200 μL) were mixed with 800 μL of methanol and centrifuged, and the supernatant was collected and dried under nitrogen gas. The extract was reconstituted in 200 μL of methanol and mixed with 1.5 mL of Tris-HCl (0.133 M at pH 9.5), 1 mL of hydrazine hydrate (at pH 9.5; Sigma), and 0.3 mL of 7 mM NAD (at pH 7.0; Sigma). Then, 0.1 mL of the mixture was transferred to a new tube to which was added 0.1 mL of enzyme solution (3α-hydroxysteroid dehydrogenase; Sigma) containing 0.03 M Tris-HCl and 1 mM EDTA at pH 7.2, and the sample was placed into a shaking incubator at 30°C for 1 h. Absorbance of samples, blanks, and standards were measured at 340 nm. Formalin-fi xed tissues were processed and stained, and morphology was quantifi ed as previously described (Corl et al., 2007) .
Statistical Analysis
Data were analyzed using the GLM procedure (SAS Inst. Inc., Cary, NC) according to a 2 × 3 factorial arrangement of treatments in a randomized complete block design with the pen as the experimental unit. Independent variables included diet physical form (dry vs. liquid), fatty acid chain length (MCT vs. LCT), and emulsifi cation (with vs. without emulsifi er). For intestinal morphology and fatty acid digestibility measurements, days postweaning (7 vs. 14 d) was modeled as an additional independent variable. Least squares means associated with signifi cant interactions were separated using a least signifi cant difference test (PDIFF). Differences were considered signifi cant at P ≤ 0.05 and were considered as tendencies when 0.05 < P ≤ 0.1.
RESULTS

Animal Performance
Initial piglet BW (6.80 ± 0.04 kg) were similar among treatments (Fig. 1) . Supplementation of the emulsifying agent did not affect growth performance throughout the trial (data not shown). Liquid-fed pigs gained weight immediately after weaning, whereas piglets fed the dry diet lost BW over the fi rst 2 d (Fig. 1) . By d 4 of the trial, the dry-fed pigs rebounded and surpassed their initial BW. Beginning on d 2 and continuing to the end of the trial, the liquid-fed pigs were heavier than the dry-fed pigs (P < 0.009). Overall, on d 14, the dry-fed pigs (11.5 kg) weighed less than the liquid-fed pigs (13.6 kg), regardless of fatty acid chain length (MCT vs. LCT). During the second week of the trial, LCT-fed pigs were heavier (P < 0.05) than the MCT-fed pigs such that on d 14, pigs fed LCT had a fi nal BW of 13.1 kg, whereas those fed MCT weighed 12.0 kg (Fig. 1) .
Average daily BW gain (Table 3 ) was affected (P < 0.001) by diet physical form for the entire length of the trial, with liquid-fed pigs gaining BW 46% faster than dry-fed pigs (486 g/d vs. 332 g/d, respectively). Pigs fed LCT gained BW faster than pigs fed MCT (P = 0.020) during the fi rst week of the trial and tended to gain BW faster overall (P = 0.010) but not during the second week (P = 0.093). Body weight gains were 22% greater for the LCT fed pigs compared with the MCT fed pigs when the data were averaged across all 14 d of the trial (450 vs. 368 g/d, respectively).
Pigs fed LCT consumed 26% more feed (DM basis) than the MCT-fed pigs during the second week of the study (634 vs. 504 g/d, respectively; P = 0.003). Overall, ADFI was increased by 22% when pigs were fed the LCT diet compared with the MCT diet (401 vs. 329 g/d, respectively; P = 0.006). During the second week of the trial, piglets fed the liquid diets consumed 18% more feed than those fed the dry diets (615 vs. 523 g/d, respectively; P = 0.03). Over the entire 14 d trial, pigs fed the liquid diets (390 g/d) consumed more feed (P = 0.04) than those fed the dry diet (339 g/d).
Feed effi ciency (Table 3) during the fi rst week of the trial was greater for pigs fed the liquid diets (P < 0.001) and for those consuming the diet containing LCT (P = 0.004). Any impact on G:F because of fatty acid chain length was lost during the second week of the trial and when examining G:F over the entire 14-d trial. Diet physical form continued to impact G:F during the second week of the trial and for the trial overall, with liquid-fed pigs displaying superior feed effi ciency (P < 0.008). Overall, G:F was improved by 28% (P < 0.001) in the liquid-fed pigs compared with the dry-fed pigs (1,256 vs. 984 g/kg, respectively).
Fat Digestibility
Diet physical form had no detectable effect on digestibility (Table 4) . Regardless of the age of the pigs, the digestibility for total fat was greater for the MCT diet than for the LCT diet (98.5% vs. 93.4%, respectively; P < 0.001). An interaction between chain length and emulsifi cation was detected (P < 0.05) for all fatty acids (C10:0, 16:0, 18:0, 18:1, 18:2, and total fat) except for C8:0. Diets containing emulsifi ed LCT had a greater ileal fatty acid digestibility, with the exception of C18:1, compared with the nonemulsifi ed LCT diet. Because of the low amount of long-chain fatty acids in the MCT diet and the low amount of medium-chain fatty acids in the LCT diet (Table 2) , some of the digestibility values (i.e., digestibility of C18:0 in the MCT diet) were not quantitatively important.
Small Intestine Morphology
In the jejunum, villus height, villus width, crypt depth, and villus area increased as the pigs aged (P < 0.008), and the villus to crypt ratio tended (P = 0.089) to increase with age regardless of diet physical form or the chain length of the fatty acids in the diet (Table 5) . Crypt depth was increased (P = 0.046) in pigs fed the liquid diet (298 μm) compared with pigs fed the dry diet (271 μm). Villus to crypt ratio tended (P = 0.057) to be affected by the physical form of the diet, with the pigs on the dry diet (2.14 μm) having a greater villus to crypt ratio compared with the pigs on the liquid diet (1.85 μm). A chain length by age interaction was observed in jejunum villus width (P = 0.024) in that width increased by 25% with age in pigs fed MCT, but no change was observed in LCT-fed pigs. Ileal villus height, villus to crypt ratio, and the area of the villus all increased as the piglets aged (P < 0.002; data not shown), but effects of dietary variables were minor or negligible.
Plasma Ketone Body and Jejunal Digesta Bile Salt Concentrations
Plasma 3-OH-butyrate was increased by 6-fold in pigs fed MCT compared with LCT-fed pigs (Fig. 2) , and this effect was greater in pigs fed dry diets than in those fed liquid (interaction, P = 0.002). Diet physical form, addition of emulsifi er, and age of the piglets did not impact the concentration of bile acids in jejunal digesta. Bile salt concentrations in jejunal digesta were increased (P < 0.001; Fig. 3 ) in weaned pigs consuming the LCT 2 Diet form (dry vs. liquid) had no detectable effects or interactions; thus, data are not presented.
3 Chain length by emulsifi cation interaction (P < 0.05). The LCT diets contained <2% of 8:0 and 10:0, and the MCT diets contained ≤5% of any 18 C fatty acids. 4 Age effect, d 14 > d 7 (P = 0.032). diet (2.61 μmol/mL) compared with piglets eating the MCT diet (1.17 μmol/mL).
DISCUSSION
Improving Postweaning Growth Performance
Weaning imposes multiple stressors on young pigs (Weary et al., 2008 ) that collectively reduce their growth trajectories dramatically below those attained during suckling (Zijlstra et al., 1996) . The key factor underlying this poor performance is the precipitous reduction in feed intake as pigs abruptly transition from liquid milk to dry prestarter diets. This reduction occurs even when prestarter diets containing high-quality milk products, plasma protein, cooked cereals, and fi ne, high-quality pellets are formulated and manufactured. The negative growth impact of reduced intake is immediate but also may become extended if reduced intestinal nutrients limit the release of trophic hormones (e.g., glucagonlike peptide 2) that undergird enterocyte proliferation (Burrin et al., 2003; Jain et al., 2012) . The ensuing erosion of villus architecture, barrier function, and attendant nutrient absorption not only reduces intestinal health but also may delay growth recovery, resulting in prototypical postweaning morbidity (Pluske et al., 1997) .
Continuation of liquid feeding into the early postweaning period is a very effective approach to overcoming the feed intake limitation. In fact, ad libitum access to liquid nursery diets can support postweaning growth rates that even exceed those of sow-suckled piglets by as much as 60% (Odle and Harrell, 1998; Veum and Odle, 2001) . Although these impressive BW gains in early life may extend to market weight (Kim et al., 2001; Wolter et al., 2002; Cabrera et al., 2010) , commercial implementation is hampered by the specialized feeding equipment and extra costs associated with liquid-milk feeding (Ebert et al., 2005) . The results from the current experiment confi rm the superlative growth performance achievable when pigs are weaned onto liquid, milk-based diets. Because the liquid and dry diets were of identical compo- 2 Emulsifi cation effects were not detected; thus, data are not presented.
3 Interactions were not detected, except chain length × day in villus width (P = 0.024).
4 d 14 > d 7 (P < 0.008).
5 Liquid > dry (P = 0.046).
6 d 14 > d 7 (P = 0.089).
7 Liquid > dry (P = 0.057). sition, the improvement in feed intake and growth can clearly be attributed to the physical (liquid) form of the diet. In contrast, marked alterations in liquid-diet composition, such as changing concentrations of fat from 2% to 29%, made little difference in the growth rate of milkfed pigs (Oliver et al., 2005; Corl et al., 2008) .
The physiologic and behavioral queues that undergird the preference of the piglet for liquid feed over dry feed and for LCT over MCT are uncertain. It is tempting to speculate that heightened and familiar organoleptic signals (smell and taste) from liquid milk-based ingredients (similar to sow milk) attract the piglet and encourage intake (Oostindjer et al., 2010) . However, intakes remain increased even when the liquid feed is provided mechanically via enclosed nipples (Kim et al., 2001 ). In the instance of LCT intakes exceeding MCT intakes, we speculate that organoleptic or postabsorptive signals (circulating fatty acid and ketone concentrations) may induce satiety and reduce intake. Because this effect did not manifest until the second week of feeding, the underlying mechanisms likely have a developmental dimension.
Improving Postweaning Fat Digestibility
Another approach to maximizing early postweaning growth despite low feed intake is to increase the nutrient density of the feed. From a diet formulation standpoint this is readily achieved by supplementing fat, owing to its high-energy density. Unfortunately, early attempts to improve postweaning growth performance via supplemental dietary fat met with limited success (Pettigrew and Moser, 1991) . Especially during the fi rst 2 wk postweaning when dry feed intake is at its lowest and thus the potential benefi t from supplemental fat would be greatest, pigs do not digest fat well .
The digestion of fat in young pigs is accomplished primarily by pancreatic lipase (plus colipase) with some contribution from lingual and gastric enzymes (Jensen et al., 1997; Dicklin et al., 2006) . To be effective, the lipases must interface with coarse emulsion particles containing triglycerides within their hydrophobic core and amphipathic emulsifi ers such as bile acids on their surface. The products of lipase hydrolysis (β-monoglycerides and free fatty acids) assemble into mixed micelles, penetrate the unstirred water layer of the glycocalyx, and then diffuse into enterocytes lining the intestinal villi. Therein, they are escorted by fatty acid binding proteins (Reinhart et al., 1993) , are reassembled into triglycerides, and are packaged into chylomicrons by the enterocytes for secretion and absorption into the lymph. Therefore, conceptually, limits to fat utilization could involve constraints on emulsifi cation, hydrolysis, enterocyte metabolism, absorption, or all these.
We contend that the limitation in fat use by newly weaned pigs is not likely due to limits in pancreatic lipase activity because immediately before weaning, piglets are able to digest high concentrations of fat (approximately 40% of milk DM) with high effi ciency (digestion coeffi cients exceeding 95%; Frobish et al., 1967) . Residual lipase activity measured within pancreatic homogenates decreased at weaning (Cera et al., 1990a; Jensen et al., 1997) , but luminal activity was maintained (Cera et al., 1990a) . These authors, therefore, reasoned that absorption rather than hydrolysis may limit postweaning fat utilization. However, caution is warranted owing to their inclusion of intestinal mucosa in the luminal homogenates because enterocytes contain intracellular lipase activity (Greenberger et al., 1966) .
The rate and extent of hydrolysis also are infl uenced by the characteristics of the triglyceride substrate. Medium-chain fatty acids are more rapidly and completely hydrolyzed than long-chain fatty acids (Greenberger et al., 1966) . The high degree of MCT digestibility that we and others (Cera et al., 1989 (Cera et al., , 1990b have observed is likely due to their faster hydrolysis and absorption into portal circulation. The apparent disconnect between increased MCT digestibility and reduced piglet growth observed in these studies remains unexplained. We speculate that products of their accelerated rate of absorption and oxidation (e.g., medium-chain fatty acid, ketone bodies) might produce systemic metabolic signals that reduce intake. Interestingly, commercially available MCT mixtures contain mostly C8:0 and C10:0; however, we have shown that C6:0 is utilized at a much greater rate than C8:0 (Odle et al., 1994; Dicklin et al., 2006) , indicating a need for further research on MCT for the young pig.
Emulsifi cation of fat within the intestine is more likely a limitation to fat digestion at weaning. Milk fat is well dispersed into globules by the mammary gland with little need for further dispersion and emulsifi cation before digestion, and indeed, piglets digest milk fat with high effi ciency. In stark contrast, typical dry starter diets are simply supplemented with fats and oils without regard to their dispersion or emulsifi cation. Previous research examining fat emulsifi cation revealed inconsistent results. The emulsifi er used in the present study was shown to increase the digestibility of pure MCT in neonatal pigs more than soy lecithin or gum arabic (Wieland et al., 1993) . However, Jones et al. (1992) reported that the digestibility of coconut oil was unaffected by lecithin or lysolecithin, whereas lecithin improved tallow digestibility, and strangely, they observed a decrease in digestibility when either lecithin or lysolecithin was included above 5% of the fat. All fats in our experiment were spray dried (encapsulated), which forms an emulsifi ed fat that has better handling qualities and solubilization characteristics. Encapsulating fat has been shown to increase ADG and G:F (Xing et al., 2004) . Overall, the apparent ileal digestibility coeffi cients measured in our study were high, with many exceeding 90%. The processing technique of spray drying (encapsulating) may have emulsifi ed the fat suffi ciently to improve use. However, the addition of the emulsifying agent to long-chain fats did further improve apparently ileal digestibility of all fatty acids except C18:1. During diet formulation, we displaced dietary fat when adding the emulsifi er because it is a monoglyceride containing C18:1. Thus, the discrepancy observed for C18:1 may have been caused by the low digestibility of this fatty acid contained within the emulsifying agent. Although it is possible that some biohydrogenation by ileal microbes could alter ileal fatty acid composition and affect digestibility estimates of individual fatty acids, total summated digestibility would not likely be altered.
An alternative to adding exogenous emulsifi ers would be to stimulate precocious synthesis of endogenous emulsifi ers, bile acids, by the weanling pig. Little is known about the ontogeny and regulation of endogenous bile acids in the young pig Lewis et al., 2000; Orban and Harmon, 2000; Norlin, 2002; Jain et al., 2012) , and further work is merited. In the current experiment, pigs fed the LCT diet showed increased jejunal bile acid concentration compared with MCT-fed pigs, which is in agreement with research in rodents (Shinohara et al., 1993) . This likely stems from long-chain fatty acids being more potent than medium-chain fatty acids in stimulating cholecystokinin (Costarelli and Sanders, 2001) . We further expected bile acid concentrations to increase with age and to decrease with the addition of exogenous emulsifi er, but such effects were not detected.
Small Intestine Morphology
Enterocytes of the small intestine play a key role in the absorption of long-chain fatty acids and monoglycerides as they reassemble them into triglycerides and package them into chylomicrons for subsequent absorption into the lymph. Therefore, we measured effects of our dietary variables on intestinal morphology.
Major dietary changes have been shown to negatively affect both the enzymes of the digestive system in pigs (Corring et al., 1978; Lindemann et al., 1986) and small intestinal morphology (Pluske et al., 1997) . Placing piglets on a liquid diet not only eliminates the depression in postweaning growth, it also results in an increase in villi heights throughout the small intestine compared with dry-fed or sow-reared piglets (Kelly et al., 1991; Zijlstra et al., 1996) . However, it was not confi rmed by our experiment, wherein physical form did not (P > 0.10) impact jejunal villus height. Diet physical form only affected jejunal crypt depths, which tended to be greater in liquid-fed pigs than dry-fed pigs. One speculative explanation for the lack of effect could be that our complex diets containing spray-dried fats were suffi cient to maintain villus height postweaning.
Plasma Ketone Body Concentrations
Ketone bodies are produced by the liver when fatty acid oxidation is high and especially when hepatic glycogen is low, such as during prolonged fasting. Pigs characteristically have very low circulating concentrations of ketone bodies (Bengtsson et al., 1969; Adams and Odle, 1993) because of limited expression of hydroxymethylglutaryl-CoA synthase (Adams et al., 1997) . However, Tetrick et al. (1995) showed that when infused exogenously, piglets can obtain up to 40% of their energy requirements from 3-OH-butyrate oxidation. As expected, circulating plasma ketone body concentrations were greater in MCT-fed pigs than LCT-fed pigs during the current experiment. This occurs because MCT are digested and their fatty acids are absorbed and transported to the liver much quickly than LCT and because medium-chain fatty acids evade regulation of hepatic oxidation via carnitine palmitoyltransferase (Odle, 1997) . Although sustained ketosis can impose acute health risks, the concentrations observed herein were far below deleterious millimolar concentrations. It remains unclear why growth performance was lower in pigs fed MCT despite improved fat digestibility, and further research is merited.
In summary, liquid feeding newly weaned pigs a diet containing LCT can increase feed intake, daily BW gains, and G:F by nearly 50% over dry-fed pigs with only minor changes in jejunal morphology. Although MCT showed improved digestibility (despite lower jejunal bile acid concentrations) and greater ketogenesis, feed intake was lower than observed in LCT-fed pigs, especially during the second week postweaning. Addition of the emulsifying agent further increased digestibility of LCT-containing diets but not the MCT diets, indicating that emulsifi cation of highly saturated LCT is benefi cial. However, spray drying the fats may provide suffi cient emulsifi cation to enhance piglet growth and fatty acid digestibility without the use of added emulsifi ers.
LITERATURE CITED
Adams, S. H., C. S. Alho, G. Asins, F. G. Hegardt, and P. F. Marrero.
1997. Gene expression of mitochondrial 3-hydroxy-3-methylglutaryl-CoA synthase in a poorly ketogenic mammal: Effect of starvation during the neonatal period of the piglet. Biochem. J. 324:65-73.
